Insulating substrates are crucial for electrical transport study and room-temperature application of topological insulator films at thickness of only several nanometers. High-quality quantum well films of Bi 2 Se 3 , a typical three-dimensional topological insulator, have been grown on -Al 2 O 3 (sapphire) (0001) by molecular beam epitaxy. The films exhibit well-defined quantum well states and surface states, suggesting the uniform thickness over macroscopic area. The Bi 2 Se 3 thin films on sapphire (0001) provide a good system to study low-dimensional physics of topological insulators since conduction contribution from the substrate is negligibly small.
Introduction
Recently, topological insulators (TIs) have attracted much attention in condensed matter physics and material sciences due to their theoretically predicted exotic physical properties and possible applications in spintronics and quantum computation.
1À13 TI films with a thickness of only several nanometers are especially interesting because they are the building blocks for TI-based heterostructures and planar devices and could exhibit novel properties, e.g., enhanced thermoelectricity, 14 quantum anomalous Hall effect, 15 and exciton condensation. 16 Bi 2 Se 3 , Bi 2 Te 3 , and Sb 2 Te 3 are among the most studied three-dimensional TIs for their simple surface band structure and relatively large bulk gap, which possibly makes them work even at room-temperature. 9, 10 High-quality quantum films of Bi 2 Se 3 family TIs with controlled thickness have been realized with molecular beam epitaxy (MBE) techniques.
17À19 So far, the substrates used for the MBE growth of Bi 2 Se 3 family such as Si (111) and SiC (0001) are all semiconductors.
17À19 For the possible roomtemperature applications of thin films of Bi 2 Se 3 TIs, semiconducting substrates are not satisfactory since they will contribute considerable conductivity. Even for the electrical transport studies at low temperature, the conductivity contribution from the buffer layer and/or the space charge layer at the interface cannot be neglected and can easily override that from the topological surface states.
In this work, we report layer-by-layer MBE growth of Bi 2 Se 3 thin films on -Al 2 O 3 (sapphire) (0001) substrate. Well-defined quantum well states and surface states are revealed by in situ angleresolved photoemission spectroscopy (ARPES), demonstrating that the Bi 2 Se 3 films grown on sapphire (0001) have as good quality as those on graphene-terminated SiC (0001). 17, 18 Thanks to the excellent insulating property of the substrates, reliable electrical transport measurement on the Bi 2 Se 3 thin films is realized. 20 
Experimental Procedure
Bi 2 Se 3 thin films were grown in an ultra-high vacuum (UHV) system (< 1:5 Â 10 À10 torr) consisting of a MBE chamber, an Omicron STM, and an ARPES system. ARPES was carried out with a Gamma-data ultraviolet lamp and a Scienta SES-2002 analyzer. The substrates used for Bi 2 Se 3 growth are commercial sapphire (0001) (Shinkosha Co., Japan). Prior to sample growth, sapphire substrates were first degassed at 650 C for 90 min and then heated at 850 C for 15 min. High purity Bi (99.9999%) and Se (99.999%) were evaporated from standard Knudsen cells. To avoid charging of the samples caused by the insulating substrate in ARPES and STM measurements, a 300-nm-thick titanium layer was deposited both edges of the substrate, which is connected to the sample holder. Once a continuous film is formed, it is grounded through the contacts. All STM and ARPES measurements were carried out at room-temperature. The transport measurements were taken in a cryostat with magnetic field B up to 15 T and sample temperature down to 1.5 K.
Results and Discussion
Figure 1(a) shows the reflective high-energy electron diffraction (RHEED) pattern of the sapphire substrate. Sharp 1 Â 1 diffraction streaks and clear Kikuchi lines demonstrate the high crystalline quality of the sapphire surface. Similar to MBE growth of Bi 2 Se 3 films on graphene-terminated SiC (0001), 17, 18 an Se-rich growth condition was used (Bi/Se flux ratio is about 1:15) to obtain highquality stoichiometric films with the substrate temperature set between that of Se source and that of Bi source. In order to obtain Bi 2 Se 3 quantum well films, we optimized the growth condition further with STM. Figure 2 exhibits a series of STM images of nominal 8-QL Bi 2 Se 3 films grown at the same Bi/Se flux ratio but different substrate temperatures (T sub ). At Fig. 2(a) ], STM image shows elongated islands with a height of 3À4 nm. Besides, we can see atomic flat terraces with basically only 1-QL height difference at most. Similar elongated islands can also be observed on MBE-grown Bi films on graphite substrate. 21 So they are probably formed by additional Bi atoms on the surface. Although the flux of Se is much higher than that of Bi, the low substrate temperature can lead to inefficient reaction between Bi atoms and Se molecules/atoms on the surface. Actually the elongated islands disappear at higher substrate temperature [see Figs. 2(b) and 2(c)]. But when the substrate temperature is too high [see the STM image for the T sub ¼ 250 C sample shown in Fig. 2(c) ], a lot of screw islands appear. High density of screw dislocation is not strange in MBE growth of the large lattice mismatched system such as GaN/sapphire. By lowering the substrate temperature into nonequilibrium condition, the density of screw dislocation could be reduced. Here in a small temperature window around 220 C [see Fig. 2(b) ], both the elongated Bi islands and the screw dislocations are nearly removed from the surface of Bi 2 Se 3 film.
At the optimized substrate temperature, layerby-layer growth of Bi 2 Se 3 film is realized. Figures 3(a)À3(f) show a series of ARPES band maps of Bi 2 Se 3 films with thickness from 1 to 6 QL. All spectra are taken along the À-K direction. The ARPES data are very similar to that of the films on graphene-terminated SiC (0001) substrate. 17, 18 In the spectra for 1-QL film, only a parabolic electron band can be observed. At 2 QL, the spectra show a hole band and an electron band spaced by a gap of 245 meV. With increasing thickness, the hole band and the electron band gradually approach to each other, and finally merge into a Dirac cone at 6 QL. The gap-opening in the Dirac surface states below 6 QL is the result of the coupling between the surface states from the surface and interface sides of the film. 17 Quantum well states of both conduction band and valence band can be clearly seen above and below the surface bands, respectively, suggesting the uniform thickness of the films. Rashaba-type splitting, which has been observed in the Bi 2 Se 3 films from 3 QL to 5 QL on graphene-terminated SiC (0001) substrate, 17 
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induced by the substrate. Its absence suggests that the Bi 2 Se 3 films grown on sapphire (0001) have less asymmetry, which might be attributed to the rather large energy gap of Al 2 O 3 . Insulating substrate is very important for obtaining correct transport results from topological insulator thin films. Although Bi 2 Se 3 films grown on graphene-terminated SiC (0001) have been shown to have very high crystalline quality, the existence of graphene layer at the interface makes the interpretation of transport results difficult. Figure 4 shows the temperature dependences of resistance of a graphene-terminated SiC (0001), a 10-nm-thick Bi 2 Se 3 film grown on graphene-terminated SiC (0001), and a 10-nm-thick Bi 2 Se 3 film grown on sapphire (0001). We can see that at low temperature the resistance of the graphene-terminated SiC (0001) is at the same order with that of the Bi 2 Se 3 film on sapphire (0001). Since the SiC (0001) substrate used here has a very low doping level (the resistivity $10 6 Á cm), the high conductivity can only be attributed to the graphene layer. Actually the conductivity of the Bi 2 Se 3 film on grapheneterminated SiC (0001) is roughly the sum of that of the graphene-terminated SiC (0001) and that of the Bi 2 Se 3 film on sapphire (0001). Hall effect measurement at 1.5 K [see inset of Fig. 4 ] also reveals much higher carrier density in the Bi 2 Se 3 film on graphene-terminated SiC (0001) than that in the Bi 2 Se 3 film of the same thickness on sapphire (0001), which must be attributed to graphene layer. Therefore, for transport measurement of Bi 2 Se 3 thin films of only several QLs, sapphire (0001) is a much better substrate than the graphene-terminated SiC (0001) for its negligible conduction contribution.
Growth of Bi 2 Se 3 films on other insulating substrates like SrTiO 3 (111) and mica (0001) has also been tried. Dirac cone-shaped surface states were observed in the films on both substrates by ARPES. But the surface state peaks are much broader than those on sapphire (0001), indicating the lower crystalline quality. It may result from the impurity atoms diffusing from the substrates since both substrates contain several elements. Nevertheless the two substrates are good as back gate in tuning the carrier density of TIs, which could be useful in future TI-based devices. 
Summary
We have shown that sapphire (0001) is a good insulating substrate for growth of high-quality Bi 2 Se 3 films in quantum well regime. The Bi 2 Se 3 films grown sapphire (0001) serve as a good system to study the transport properties of topological insulators 20 and provide a basic structure of TI-based devices.
